The movement of southwest China vortex (SWV) and its heavy rainfall process in South China had been investigated during June 11-14, 2008. The results show that under the steering of upper-level jet (ULJ) and mid-level westerly trough, SWV moved eastward from southern Sichuan Plateau, across eastern Yunnan-Guizhou Plateau to South China, forming an obvious heavy rain belt. SWV developed in the large storm-relative helicity (SRH) environment, as environmental wind field continuously transferred positive vorticity to it to support its development. The thermodynamic structures of distinctive warm (cold) advections in front (rear) of the SWV movement are also important factors for the SWV evolutions with a southwest low-level jet (LLJ) and vertical wind shear. SWV development was associated with the distributions of negative MPV1 (the barotropic item of moist potential vorticity) and positive MPV2 (the baroclinic item of it). The MPV1 and MPV2 played the dominant role in the formation and the evolution of SWV, respectively. The mesoscale convective systems (MCSs) frequently occurred and persisted in water vapor convergence areas causing the severe heavy rainfall. The areas of high moist helicity divergence and heavy rainfall are consistent, and the moist helicity divergence could be a good indicator for heavy rainfall occurrence.
Introduction
Generated by the complex terrain in the eastern edge of Tibetan Plateau (TP), Southwest China vortex (SWV), also known as a meso-scale low vortex, typically originates in Southwest China (98-108 ∘ E, [26] [27] [28] [29] [30] [31] [32] [33] ∘ N) in the lower troposphere below 700 hPa. Because the very sparse meteorological observations on the TP with complex topography have limited our understanding of the SWV, this leads to the large uncertainties and difficulties in prediction of the SWV and disastrous weather downstream from the TP. SWV was generally a shallow weather system in early formation; yet when it moved eastward, it can produce severe weather impacts [1] . For instance, a flood-causing heavy rainfall of Sichuan basin in July 1981 [1, 2] , a heavy rainfall and flood disaster in the Yangtze River valley in summer 1998 [3] , and a continuous heavy rainfall in South China in mid-June 2008 [4] all closely relate to SWV. SWV played significant roles in many heavy rainfall events and was the major influencing system for the summer-half year heavy rainfall in China [1, 5] . The study of SWV-induced rainfalls [6] has suggested that the intensity and frequency of heavy rainfalls caused by SWV can be second only to tropical typhoons and residual low pressure. As a result, the forming, developing, and consequential floods of SWV are hot study topics among meteorologists and weather-forecasters. Numerous studies have been made in statistical analysis on the source region and movement path of low vortexes [7, 8] , discussion on structural features of low vortexes and causes of their formation and development [1, [9] [10] [11] [12] [13] , and case studies [14] [15] [16] and numerical simulations [17] on heavy rainfalls caused by SWV. With more common applications of satellite and radar observation, further knowledge about formation and development of SWV, its internal physical characteristics, 2 Advances in Meteorology and the development of heavy rainfalls caused by it has been obtained gradually, and some initial achievements have been made in these areas [18, 19] . In fact, life cycles and movement paths of different SWV vary greatly, and these differences have significant influences on the intensity and rain belts of the rainfalls. Therefore, it is important to thoroughly understand and accurately predict the life cycles and movement paths of SWV. Using daily meteorological observation data of 15 years, Chen et al. [8] divided the movement paths of SWV into four types, the northeast, the eastward, the southeast, and little movement; these four types each account for 33.3%, 50.0%, 5.0%, and 11.7% of moving low vortexes. Apparently, SWV influences not only Southwest China in east TP, but also East China by moving eastward; and the influenced region of the SWV is closely related to its movement path. In particular, SWV may greatly influence the precipitation in South China, including the heavy rainfall in preflood season. However, few studies have been conducted on continuous heavy rainfall in South China caused by SWV. To analyze the eastward movement of SWV and the heavy rainfall-inducing physical process and reveal the physical causes of SWV's formation and development as well as their mesoscale structure, the analysis is deeply performed in this study with a continuous severe heavy rainfall in South China during 11-14 June 2008. This paper is organized as follows. The second section presents the data and analyzing methods employed in this study. The third section describes the relationship between the pathway of SWV and heavy rainfall. The fourth section analyzes the reason for and environmental factors of the large-scale circulation during SWV movement. In the fifth section, physical process of the SWV inducing heavy rainfall is analyzed. Section 6 concludes this paper. 
Data and Methods

Methods.
To analyze the influence of environmental wind field on the low vortex, storm-relative helicity (SRH) [20] [21] [22] [23] is adopted, and the mathematical expression is
where ⃗ is the horizontal environmental wind vector, ⃗ is the storm motion vector, ⃗ ℎ is the horizontal vortex vector, and
. Evidently, SRH reflects the rotation degree of the environmental wind field in atmosphere layer of certain thicknesses and vorticity input into the convective system. In practice, the calculation formula was proposed by Davies-Jones et al. [24] . Consider
where and are horizontal components of the storm motion ⃗ . In this paper, the 75% of the speed of massweighted mean wind from 950 hPa to 400 hPa and its direction deflected towards the right 40 ∘ are considered the storm velocity [25] .
Only considering vertical helicity and water vapor flux divergence factor, moist helicity divergence (MHD) is defined [26, 27] ; that is,
where is the vertical velocity of P-coordinate, is the vertical vorticity, and ∇ ⋅ ⃗ is water vapor flux divergence.
The Pathway of SWV Movement and
Heavy Rainfall Figure 1 shows the pathway of SWV movement (Figure 1(a) ) and the center vorticity of SWV (Figure 1(b) ) in each 6 h, the low vortex generated in south Sichuan Plateau region (29 ∘ N, 102.5 ∘ E) at 1800 UTC June 10, 2008, and moved southward along the Yunnan-Guizhou border until 1800 UTC June 11. Moving pathway was meridional distribution from north to south (this is the first stage). The second stage started from 1800 UTC June 11, 2008 , when low vortex entered Guangxi province and developed intensively and then entered Jiangxi province via Hunan and north Guangdong, till its disappearance; this stage lasted more than 3 days which is a long life cycle. Also, the intensity of SWV was generally lower than 10 × 10 −5 s −1 in the first stage and greater than 10 × 10 −5 s −1 in the second stage (Figure 1(b) ), implying that the low vortex became deeper in South China area.
Accompanying the SWV movement (Figure 1 ), the rain belt was built first from north to south and then gradually from west to east according to distribution of 24 h accumulative precipitation (Figure 2 ). The heavy rainfall started in south Sichuan Plateau (zone A in Figure 2(a) ). Heavy rainfall also occurred in south Yangtze River valley (zone B in Figure 2 (a)), but it was related to the shear line. As of 0000 UTC on June 12 ( Figure 2(b) ), heavy rainfall with values of 50-200 mm mainly concentrated in Yunnan-Guizhou border and north Guangxi (zone C in Figure 2(b) ). As of 0000 UTC on June 13 (Figure 2(c) ), heavy rainfall (values of 100-300 mm) was mainly in Guangxi and Guangdong (zone D in Figure 2(c) ). At 0000 UTC June 14 ( Figure 2(d) ), heavy rainfall was mainly in Guangdong, south Hunan, and Jiangxi (zone E in Figure 2(d) ).
Apparently, the rain belt patterns were consistent with the low vortex's movement path. In order to understand the physical process of the heavy rainfall, the circulation background, where SWV moved and developed, and structural entrance. There was a strong divergence area in south Sichuan and Yunnan-Guizhou border in the first stage (Figure 3(a) ), where the corresponding SWV movement concentrated. In the second stage ( Figure 3(b) ), the strong divergence area was in South China, where the corresponding low vortex movement concentrated. (2) The 500 hPa geopotential height was lower in the west and higher in the east, which were configuration results of westerly trough and West-Pacific subtropical anticyclone (WPSH), and low vortex always was in strong ascending motion area in front of westerly trough. 
(f) 500 hPa at 1200 UTC 13 , and 250 hPa ULJ was in north Sichuan and on the right side of its entrance was divergence area at 0000 UTC 11 ( Figure 4(a) ). The 500 hPa westerly troughs were fluctuant and exhibited characteristics of ladder troughs, one of troughs located over the western Sichuan and ascending motion in front of it corresponded to the movement area of low vortex ( Figure 4 (b)), also there was another one in east-central China, and such ladder trough distribution was conducive to the SWV move southward. At 1800 UTC 11, the ULJ had pushed to Chongqing area, strong divergence area was above 6 Advances in Meteorology South China (Figure 4(c) ), the 500 hPa step troughs had merged and formed a westerly trough with greater meridional span, and vertical ascending motion in front of the trough was in Guangxi area, while corresponding low vortex had changed movement direction and entered Guangxi. By 1200 UTC 13, the ULJ moved to the downstream of the Yangtze River valley, and the westerly trough moved eastward slightly. Corresponding low vortex continued moving eastward in the area of high-level strong divergence and ascending motion in front of 500 hPa westerly trough.
Under the large-scale atmospheric circulation, SWV had closely relationships with ULJ and strong ascending motion in front of the westerly trough. When ULJ develops southwards, and 500 hPa westerly trough is fluctuant and exhibits ladder troughs, it is conducive to the southward movement of low vortex; when ULJ and 500 hPa westerly trough move eastward, it is conducive to the eastward movement of low vortex. ). In addition, low vortex usually moved along southerly wind. When it moved from north to south, the low-level wind was south wind; when it moved from west to east, there was southwest wind in front of it; in such environmental condition, how to obtain positive vorticity from environmental field for the SWV development? Distribution of SRH was analyzed ( Figure 6 ), SRH shows that relative velocity of convective system (V-C) transports environmental vorticity to convective systems, the updraft changes vorticity of entering the convective systems into vertical vorticity, and vertical vorticity is crucial to the formation of convective systems. Therefore, the environment condition with high SRH is conducive to formation and development of convective systems and low vortexes [21, 25] . There was high SRH in Yunnan-Guizhou area at 0000 UTC 11 ( Figure 6 (a)) and 1200 UTC 11 ( Figure 6(b) ), where the SWV movement concentrated; 700 hPa wind field showed meso-scale and meso-scale features. Also there was high SRH value in front of the low vortex's moving direction. When the SWV was active in South China (Figures 6(c)-6(f) ), the distribution of SRH indicated that the environmental vorticity was continuously transferred to SWV when wind field has obvious rotations and significant ascending speed. Therefore, vertical wind shear, deep positive vorticity, and strong ascending motion are conducive to forming of high SRH, formation and development of low vortexes.
Environmental Field Conditions
Vertical Wind Shear and
Thermal Conditions.
For the physical factors that influence SWV, besides dynamic conditions, thermodynamic factors are also important. Distribution of pseudo equivalent potential temperature ( se ) and its advections were drawn at different time points (Figure 7) . The se -lines were concentrated and gradually decreased with height below 700 hPa, indicating that low level atmosphere was unstable, thermal instability is an important condition for development of SWV [1] . As seen from Figure 7 , there was cold advection on north side of the low vortex and warm advection on south side at 0000 UTC 11 ( Figure 7(a) ); such thermal structure is conducive to SWV move southward. At 1200 UTC 11 ( Figure 7(b) ), the structure of se advection became cold (warm) in front (rear) of SWV; SWV weakened at this time (Figure 1(b) ). To large extent, in order to sustain or develop for SWV, the thermal structure such as warm (cold) advection in front (rear) of low vortex should be built; otherwise it is difficult to develop. And for such the coldwarm advection structure, in addition to promoting vortex moving development, does it also has an important impact on the vortex suddenly to change its movement direction? To analyze thermodynamic environment for such sudden direction change, meridional and zonal profile sections of se were analyzed at 0000 UTC 12; on meridional profile section (Figure 7(c) ), the low vortex was surrounded basically by warm advections, while on the zonal profile ( Figure 7(d) ), there was warm (cold) advection in front (rear) of the low vortex; the warm-cold interaction structure was distinctive, and cold advection promoted SWV move eastward. Also, such structure of cold and warm advections was fully reflected in the zonal movement of low vortex (Figures 7(e) and 7(f)). Furthermore, the structure of cold and warm advection was obvious at 700 hPa in Yunnan-Guizhou area (Figure 7 (h)) and South China area (Figure 7(i) ), and the zero line of advection was basically consistent with movement path of the low vortex. When low-level atmosphere was unstable, it was conductive to vortex form and development; the sustaining of se warm (cold) advection in front (rear) of the vortex was conducive to move towards warm area.
Under the combined effect of dynamic and thermal conditions, the moist potential vorticity (MPV) [28, 29] is adopted for diagnostic analysis; MPV is calculated as
When MPV is divided into moist barotropic item (MPV1) and moist baroclinic item (MPV2), one has the following:
Generally, absolute vorticity ( + ) is a positive value, when se / > 0 (i.e., the convective unstable), MPV1 < 0. Only when MPV2 > 0, vertical vorticity could increase greatly. MPV is in the unit of PVU (1 PVU = 10 −6 m 2 ⋅K⋅s ∘ N also showed that MPV1 < 0 and MPV2 > 0, and the MPV < 0 in South China area (Figures 8(c)-8(d) ). Vertical distribution of MPV indicated that the low vortex was always in the environment with the convective unstable and certain baroclinic atmosphere over the Yunnan-Guizhou border area; compared to South China area, the atmospheric baroclinicity was slightly stronger in Yunnan-Guizhou area, suggesting that atmospheric baroclinicity weakened in the vortex intense development period, and the convective and moist convective instability were the important environmental conditions for the low vortex maintaining and developing. To further reveal variations of MPV during the periods of intense development, the horizontal variation of 850 hPa MPV also was analyzed ( Figure 9) ; a negative MPV1 center was in north Guangxi area with numerical value below −1 PVU at 1200 UTC 12 ( Figure 9(a) ), with the corresponding MPV2 as a positive center (Figure 9(b) ); it showed that the atmosphere still had baroclinic characteristics, and MPV1 < 0 and MPV2 > 0; the SWV can develop in this region. The absolute value of MPV1 was slightly greater than that of MPV2, indicating that convective instability was still the major condition for the vertical vorticity to increase.
The negative MPV1 center was still in Guangxi but moved northward slightly at 1800 UTC 12 ( Figure 9(c) ), compared with previous time point, MPV1 further increased, and positive vorticity of the low vortex reached maximum (Figure 1(b) ), the values of MPV2 decreased (Figure 9(d) ), to a certain extent, MPV1 had insignificant influence on the low vortex's intensity, and a positive MPV2 center also formed in Jiangxi-Hunan border area, indicating that the atmospheric baroclinicity was strong in the region and the SWV may develop towards the positive MPV2 area. At 0000 UTC 13, the range where MPV1 < 0 and MPV2 > 0 expanded; the cyclonic wind field of SWV also expanded (Figure 4(e) ). In short, under the conditions of convective instability, as long as MPV1 < 0 and MPV2 > 0, SWV could develop. MPV1 has an important influence on maintaining of vortex, MPV2 plays an important role on the movement, and it could be used as an indication signal for the movement and range variation of the low vortex. Of course, the development mechanism of the vortex is more complex than diagnosis results of MPV. The impact factors are more and still need further study. Here, on the basis of the analysis of vortex development, we further analyze the cause of rainstorm process.
Physical Process on the Heavy Rainfall
Water Vapor Flux Transport and Convergence.
As largerange, long time heavy rainfall process, favorable water vapor transport is an important factor to introduce heavy rainfall, but whether water vapor can gather in one place or not is more critical. To describe water vapor transport during the heavy rainfall, by referencing the study of Neiman et al. 2008 [30] , vertically integrated water vapor fluxes (IWV) are calculated as
Furthermore, the divergence of vertically integrated water vapor fluxes (DIWV) is calculated as
where 0 = 1000 hPa, = 300 hPa, and is the acceleration of gravity. Water vapor of the heavy rainfall mainly came from the Bay of Bengal and South China Sea (Figure 10 ). In the first stage of the low vortex's movement, water vapor was transported from the ocean surface of Bay of Bengal by southwest wind, ⃗ IWV values <300 kg⋅m −1 ⋅s −1 , but DIWV values <−40 × 10 −4 kg⋅m −2 ⋅s −1 in heavy rainfall area of YunnanGuizhou border (Figures 10(a) and 10(b) ), water vapor flux
(e) MPV1 at 0000 UTC 13 
EQ 300 300 200 400 500 600 700 vapor transport and the low vortex was very favorable and caused heavy rainfall in Guangxi and south Hunan. As of 1200 UTC 13 (Figures 11(i) and 11(j)), big values of water vapor flux was in the coastal area of South China, and the amount of water vapor flux convergence further increased, so the heavy rainfall was induced along the coast of South China. Obviously, water vapor flux convergence was related to the SWV development and movement; the positive vorticity, horizontal wind field convergence, and ascending motion intensified water vapor convergence, which then provided adequate water vapor for forming of the heavy rainfall.
MCSs Activity in SWV.
The TBB could reflect the activities of MCSs. Figure 12 shows the time series of hourly satellite black body temperature (TBB) during the SWV movement. The heavy rainfall which occurred in YunnanGuizhou border area (Figures 2(a)-2(b) ) resulted from the MCSs with TBB <−60 ∘ C at 28 ∘ N-26 ∘ N (Figure 12(a) ). The MCSs developed gradually and moved southwards, and MCSs lasted for more than 8 hours. After 00UTC of June 11, 2008, the MCSs were getting weak. At 12 UTC of June 11, 2008 (Figure 12(b) ), the MCSs in the vortex began to recover and turned eastwards; convective cloud systems with TBB values < −60 ∘ C lasted for more than 12 hours and declined after 03UTC of June 12, 2008. After 12 UTC of June 12, 2008 (Figure 12(c) ), MCSs started to strengthen and develop again for more than 6 hours. After 12 UTC of June 13, 2008 (Figure 12(d) ), the convective clouds in SWV began to develop into a meso-scale vortex circulation at this stage, and the clouds of low TBB value located in South China along coast where LLJ was active for longer than 10 hours with severe heavy rainfall in the area. Thus, MCSs built and then moved eastwards constantly during the heavy rainfall; these convective cloud systems intensified at night, suggesting that the vortex has obvious diurnal variation.
To describe the evolution and organizing of MCSs in each rainfall area, the TBB distribution is presented ( Figure 13 ) at different time; two convective cloud systems (MCS 1 
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(j) 1200 UTC 13 and MCS 2 ) were in Yunnan-Guizhou border area when the low vortex formed (Figure 13(a) ), at 1900 UTC 10 ( Figure 13(b) ), MCS 1 maintained in south Sichuan Plateau, while MCS 2 weakened in Yunnan-Guizhou border, by 00UTC 11 ( Figure 13(c) ), MCS 1 moved southward slightly and MCS 2 disappeared, and MCS 1 also disappeared at 06UTC 11 ( Figure 13 At 09UTC 12 ( Figure 13(i) ), new MCSs started to develop in South China, among which MCS 6 was a new convective system which was worth paying attention to; MCS 6 developed intensely while MCS 7 formed at 1200 UTC 12 ( Figure 13(j) ); at 16UTC 12 ( Figure 13(k) ), MCS 7 strengthened in Guangxi area and MCS 6 began to weaken in Guangdong area, where MCS 8 and MCS 9 began to form. By 04UTC 13 ( Figure 13(m) ), not only were there the stronger MCS 8 and MCS 9 , but also a new MCS 10 lasted until 08UTC 13 ( Figure 13(o) ), the three MCSs merged into MCS 11 . MCS 11 kept developing until 02UTC 14 ( Figure 13(r) ) and resulted in heavy rain in Guangdong and coast areas (Figure 2(d) ). Thus, along with SWV movement and development, combined with warm LLJ, MCSs continuously emerged and developed toward the rainfall areas; then continuous heavy rain was induced in South China. As seen from the evolution and organization characteristics of MCSs, they had various activities, for example, stably developing in the same area, consistently moving toward the same region and merging, moving, and developing individually. In addition, MCSs exhibited distinctive daily variation generally; MCSs emerged around late afternoon, began to develop intensely during night, and weakened in daytime. Their life cycles are up to 10 hours nearly with TBB values <−60 ∘ C and meso-scale features. Furthermore, the daily variation of MCSs is closely related to daily variation of SWV.
Diagnostic Analysis of Heavy Rainfall Area.
As a cyclonic vortex, the SWV exhibits distinctive ascending motion and positive vorticity features with the MCSs triggering heavy rainfall. The integrated effect of low vortex and water vapor is further investigated with the moist helicity divergence. Considering that low vortex and water vapor flux convergence are mainly concentrated in the lower troposphere, the analysis was conducted at 700 hPa, 850 hPa, and 925 hPa ( Figure 14) . On the first day (Figures 14(a), 14(b) , and 14(c)), 700 hPa positive moist helicity divergence was centered in south Sichuan Plateau caused by the SWV reaching 150 × 10 −11 Pa/s 3 . The moist helicity divergences at 850 and 950 hPa were in South China on the south side of the Yangtze River valley caused by shear line. On the second stage ( Figures  14(d), 14 (e), and 14(f)) and third day (Figures 14(g), 14 (h), and 14(i)), the positive moist helicity divergence was in Guangxi province with values exceeding 640 × 10 −11 Pa/s 3 , especially at 700 hPa and 850 hPa. This indicates that the combined effect of low vortex and water vapor further strengthened and caused heavy rainfall in the area with large moist helicity divergence. On the fourth day (Figures 14(j) , 14(k), and 14(l)), the positive moist helicity divergence was in South China along the coast, especially larger divergence value at 850 hPa and 925 hPa. Evidently, the distribution of positive moist helicity divergence was consistent with the distribution of heavy rainfall areas, implying that the heavy rainfall areas could be identified by the variation of moist helicity divergence.
Conclusions
In this study, we analyzed the SWV activity and heavy rainfall process which occurred in South China during June 11-14, 2008 . The following conclusions were drawn from this case study.
(1) This heavy rainfall was formed in the SWV movement and development. The SWV movement was steered with both the strong divergence area of 250 hPa ULJ and the strong ascending motion in front of 500 hPa westerly trough. When the ULJ moved southwards and westerly troughs were fluctuant, it was conducive to low vortex move southwards. The eastward movements of the ULJ and westerly trough were the favorable circulation pattern for the low vortex movement.
(2) Vertical wind shear, deep positive vorticity, and vertical ascending motion lead to a large SRH, where the environmental vorticity was continuously transferred to the SWV with the stronger rotations and ascending motion. High SRH is conducive to the SWV development.
(3) The se advection distribution was associated with the SWV evolution. Cold se advections drove the low vortex SWV to move towards warm area. When the cold advection receded or vanished, the SWV weakened or disappeared.
(4) With the combined dynamic and thermodynamic effects, the moist barotropic (MPV1) and moist baroclinic (MPV2) of low-level atmosphere moist potential vorticity both played important roles in the low vortex's movement and development. The environment where MPV1 < 0 is favorable for low vortex's formation, and MPV2 has an important influence on low vortex's movement.
(5) The MCSs were triggered by the SWV, resulting in the heavy rainfall. Water vapor was transported to the heavy rainfall areas together with the persistent MCSs activity over the SWV region, and their long-lasting frequent movements leading the severe heavy rainfall.
In addition, the diagnostic analysis demonstrated that the MHD can be a good indicator for identifying heavy-rainfall areas, as it takes into consideration both low vortex dynamics and water vapor effect. Greater positive helicity divergence often corresponds to heavy rainfall area; therefore, the MHD could be used for diagnosing heavy rain area, but it is noted that prognostic value of MHD remains to be proven by more heavy rain examples. 
